Introduction {#imcb2014101-sec-0001}
============

The innate immune system is the body\'s first barrier against pathogen infection. At the core of every innate immune response is a signal‐, cell lineage‐specific and kinetically precise gene expression program. The products of such synchronized gene expression following microbial pattern or danger signal recognition by pattern recognition receptors on neutrophils, monocytes, macrophages, natural killer cells, basophils, dendritic cells or epithelial cells enable pathogen clearance, aid adaptive immunity, clear cellular debris and restore damaged tissues. Multiple regulatory mechanisms are in place to ensure context‐specific and appropriately pitched responses from these cells. Unrestrained innate immune responses and prolonged production of inflammatory mediators can lead to a wide range of diseases including inflammatory bowel disease, arthritis, sepsis and cancer.

A proportion of the specificity and correct timing of the innate immune response is dictated by the ability of pattern recognition receptors to activate defined signaling pathways and employ a specific set of transcription factors. However, a growing body of evidence demonstrates that epigenetic factors, in the form of covalent modifications on DNA or histones, are the critical link that enables or prevents access of these transcription factors to identical DNA sequences in the different immune cell types. Further, these epigenetic factors are essential for the recruitment of transcription machinery---either rapidly after pathogen sensing or in a delayed manner.[^1^](#bib1){ref-type="ref"} Importantly, histone modifications also prevent unwanted expression of potent mediators[^2^](#bib2){ref-type="ref"} and are implicated in the repression or enhancement of secondary gene programs triggered by re‐stimulation of innate immune cells.[^3^](#bib3){ref-type="ref"}, [^4^](#bib4){ref-type="ref"}, [^5^](#bib5){ref-type="ref"}, [^6^](#bib6){ref-type="ref"}, [^7^](#bib7){ref-type="ref"} Recent work has also demonstrated the essential role of noncoding RNAs in innate immune gene expression.[^8^](#bib8){ref-type="ref"} Collectively, the combination of DNA or histone modifications, controlled recruitment of transcription factors following signal transduction and noncoding RNAs all lead to gene expression that is kinetically defined and cell‐type specific. This allows an assault on pathogens, usually without deleterious inflammation.

Epigenetics is defined as heritable traits that are not linked to changes in the DNA sequence; however, in broader terms, epigenetics is used to describe the mechanisms by which chromatin‐associated proteins and posttranslational modifications of histones regulate transcription. Thirteen years ago, Allis and colleagues[^9^](#bib9){ref-type="ref"} put forward the 'histone code' hypothesis, which provided a model to explain how single and/or combinatorial posttranslational modifications on histones regulate gene transcription. They hypothesized that this code is as important as the DNA sequence itself. Since the conception of this hypothesis, largely due to the development of techniques such as Chromatin Immunoprecipitation sequencing, the field has witnessed unprecedented advance in our understanding of the numerous enzymes that contribute to the establishment of histone modifications, as well as the assorted effector proteins that bind them. Whether or not histone modifications constitute a strict 'code', it is clear that the elaborate combinations of posttranslational modifications on histone function tightly regulate cell‐specific gene transcription. Also, it has been argued that histone modifications are not truly 'epigenetic', as the nature of their heritability (a requirement in the classical definition of epigenetic) remains questionable. This is particularly relevant in cells of the immune system where direct heritability of induced epigenetic modifications has yet to be formally demonstrated. However, as we will discuss, pathogen‐induced epigenetic modifications, particularly in cells of the innate immune system, can influence secondary responses to the same or different pathogens at least in the short term (1 week to 3 months).

The necessity of epigenetic regulation in pathogen defense is substantiated by evidence that microorganisms have evolved to target epigenetic regulatory factors for evasion of immune attack, which we will discuss here. Further, dysregulation of many chromatin‐modifying enzymes is a recurrent and sentinel event in multiple diseases, signifying their crucial role in accurate gene expression. As a result, enzymes that 'write', 'erase' and 'read' histone tail and DNA modification are the most promising and intently pursued targets in drug discovery today. We will discuss rapidly accumulating evidence of their potential as targets in immunologic disease, for enhanced responses to pathogens and prevention of unwanted inflammation.

Epigenetics, the basics {#imcb2014101-sec-0002}
=======================

Epigenetic ('Epi'=outside of or above) regulation of gene expression is a dynamic process that establishes precise cellular development and function in genetically identical cells. Such regulation is brought about by embellishments on the DNA itself and on DNA‐associated histone proteins. DNA modifications primarily are CpG cytosine‐5 methylation[^10^](#bib10){ref-type="ref"} and 5‐hydroxymethylcytosine,[^11^](#bib11){ref-type="ref"} but hydroxylation, formylation and carboxylation have also been observed.[^12^](#bib12){ref-type="ref"} In eukaryotic cells, DNA is packaged into chromatin, the basic repeating unit of which is a nucleosome. A nucleosome consists of 147 bp nucleotides wrapped around a histone octamer, which is composed of two copies each of histone H2A, H2B, H3 and H4 ([Figure 1](#fig1){ref-type="fig"}). With the addition of another histone protein called the 'linker' H1, nucleosomes are packaged into progressively higher‐order structures to ultimately form chromosomes. Unstructured NH2‐terminal histone tails that protrude from the nucleosome are subject to covalent chemical modifications, which impact chromatin organization and function. Recent mass spectrometry analysis identified more than a dozen different types of posttranslational modifications on histone tails,[^13^](#bib13){ref-type="ref"} including acetylation, methylation, phosphorylation, sumoylation, citrullination and ubiquitination.[^14^](#bib14){ref-type="ref"} Histone modifications with the exception of methylation result in a change in the net charge of nucleosomes, loosening interactions between histones and DNA. This directly affects the levels of chromatin compaction, creating condensed 'heterochromatic' or more open 'euchromatic' regions and thus restricting or allowing access of transcription factors to promoters or enhancers on DNA. The effects of histone methylation on gene expression are dependent on the position of the amino acid residues that are methylated and whether the residues are mono‐, di‐ or tri‐methylated. Methylation of Histone 3, Lysine 4 (H3K4), H3K36 and H3K79 is often associated with active transcription, whereas methylation of H3K9, H3K27 or H4K20 is associated with transcriptional repression.[^10^](#bib10){ref-type="ref"}, [^15^](#bib15){ref-type="ref"}

A key facet of epigenetics is that these modifications can be stably maintained, yet adapt to changing developmental or environmental needs. This delicate task is accomplished by three main classes of enzymes: 'writers', which establish the epigenetic modifications (DNA and histone methyltransferases, histone acetyltransferases, kinases, and so on), 'erasers', which remove them (demethylases, histone deacetylases (HDACs), phosphatases) and 'readers', which interpret them by docking to modified histones through defined protein domains ([Figure 1](#fig1){ref-type="fig"}, see [Table 1](#tbl1){ref-type="table"} for examples of epigenetic enzymes). The reader enzymes aid assembly of the appropriate transcriptional machinery at sites of recognition. Thus, not only do histone modifications determine the accessibility of DNA but are also directly responsible for recruiting transcriptional machinery to specific loci. Other contributors to epigenetic regulation of genes expression include nucleosome occupancy and positioning,[^16^](#bib16){ref-type="ref"} histone variants[^17^](#bib17){ref-type="ref"} and noncoding RNAs such as long noncoding RNAs (lncRNAs).[^8^](#bib8){ref-type="ref"}

Innate immune transcription regulation by epigenetic factors {#imcb2014101-sec-0003}
============================================================

Histone methylation {#imcb2014101-sec-0004}
-------------------

Histone lysine methylation (for example, H3K4, H3K9, H3K27, H3K36 and H4K20) promotes or represses transcription.[^15^](#bib15){ref-type="ref"}, [^18^](#bib18){ref-type="ref"} Histone methyltransferases ('writers') and demethylases ('erasers') collectively regulate the dynamic histone methyl landscape. A prominent role for H3K27 methylation has been described in transcriptional responses from innate immune cells. One of the first reports identifying the Jumonji (JMJ) catalytic domain containing JMJD3 as a histone H3K27me3 demethylase demonstrated a rapid induction of JMJD3 by proinflammatory stimuli.[^19^](#bib19){ref-type="ref"} It was subsequently shown that JMJD3 is recruited to the transcription start sites of \>70% of lipopolysaccharide (LPS)‐induced genes.[^20^](#bib20){ref-type="ref"} Further, JMJD3 is essential for M2 macrophage polarization in response to helminth infection and chitin, although it is dispensable for M1 responses.[^21^](#bib21){ref-type="ref"} The histone methyltransferase G9a directs methylation of histone H3 on Lysine 9 (H3K9me). Di‐ or tri‐methylation of H3K9 is repressive not only by influencing DNA methylation and heterochromatin formation but also by prohibiting the 'activating' modification acetylation and actively recruiting transcriptional repressors of the Heterochromatin protein 1 family.[^22^](#bib22){ref-type="ref"} H3K9 methylation is found at a subset of promoters of inducible genes such as *IL12b* and *CCL22* but this repressive mark is removed rapidly following LPS stimulation.[^23^](#bib23){ref-type="ref"} Similarly, H3K9 di‐methylation levels at type I interferon (IFN) and IFN responsive genes inversely correlate with the scope and amplitude of IFN and ISG expression. Professional IFN‐producing cells such as dendritic cells have significantly lower levels of H3K9 di‐methylation at these gene promoters compared with weak producers of IFN, such as fibroblasts, cardiac myocytes, or neuroblastoma cells. Further, genetic ablation of the H3K9 methyltransferase G9a enhanced IFN production by fibroblasts and their ability to suppress virus.[^2^](#bib2){ref-type="ref"} Toll‐like receptors (TLRs) and other sensors modify histones in a manner associated with the activation of transcription. Two of the main permissive modifications are H3 Lysine 4 trimethylation (H3K4me3) denoting an active promoter and H3 Lysine 36 tri‐methylation (H3K36me3) associated with active transcription. Dendritic cells stimulated with LPS upregulate H3K4me3, which is very stable for 2 h following stimulation, with the exception of about 30 loci that are lowly expressed before stimulation and become strongly induced after stimulation.[^24^](#bib24){ref-type="ref"} Similarly, macrophages upregulate H3K4me3 and H3K4me1 at the promoters and enhancers, respectively, of multiple genes following exposure to a range of stimuli, with the majority of acquired H3K4me3 returning to basal levels within a few hours.[^4^](#bib4){ref-type="ref"}, [^25^](#bib25){ref-type="ref"}

Histone acetylation {#imcb2014101-sec-0005}
-------------------

Histone acetylation is a reversible posttranslational modification catalyzed by histone acetyltransferases (HATs) that transfer the acetyl moiety of acetyl‐CoA to lysine (K) residues. HDACs reverse this process. LPS‐stimulated macrophages show increased histone H4 acetylation (H4Ac), an indicator of open chromatin at numerous sites across the genome. The induced histone acetylation at lysines 5, 8 and 12 (H4K5/8/12Ac) usually occurs at promoters, within 1 h of stimulation, decreasing after 2 h.[^25^](#bib25){ref-type="ref"} In dendritic cells H4K27 acetylation was very dynamic over an LPS time course correlating with RNA polymerase II (Pol II) binding.[^24^](#bib24){ref-type="ref"} Histone acetylation is exclusively 'read' by bromodomains of which there are 46 bromodomain‐containing proteins in the human genome. Bromodomains of individual proteins have defined affinities to specific locations of lysine acetylation and recruit distinct proteins to the chromatin.[^26^](#bib26){ref-type="ref"} Hence, each subclass of bromodomain proteins likely has unique functions in regulating gene expression. Most work has focused on the role of the bromodomain and extra‐terminal (BET) subfamily of bromodomain‐containing proteins that consists of BRD2, BRD3, BRD4 and a testis‐specific BRDT. BET proteins connect histone acetylation state to transcriptional elongation machinery.[^1^](#bib1){ref-type="ref"}, [^27^](#bib27){ref-type="ref"} Only BRD4 can recruit positive transcription elongation factor b (P‐TEFb) through its C terminal domain and removes the pausing complex negative elongation factor (NELF) and 5,6‐dichloro‐1‐β‐[d]{.smallcaps}‐ribofuranosylbenzimidazole (DRB) sensitivity‐inducing factor (DSIF) allowing transcriptional elongation.[^27^](#bib27){ref-type="ref"}, [^28^](#bib28){ref-type="ref"} BRD4 can also co‐activate transcriptional activation of NF‐κB via specific binding to acetylated RelA.[^29^](#bib29){ref-type="ref"} Knockdown of BRD2, 3 or 4 proteins, however, results in reduced expression of multiple inflammatory cytokines in macrophages, suggesting that all three BET proteins control the transcription of inflammatory genes in LPS‐stimulated macrophages.[^25^](#bib25){ref-type="ref"} This is likely through the ability of BRD2, 3 and 4 to interact with the polymerase‐associated factor 1 complex, or other chromatin‐modifying proteins such as NSD3 or JMJD6.[^30^](#bib30){ref-type="ref"}

Histone variants {#imcb2014101-sec-0006}
----------------

Histone variants are non‐allelic forms of conventional histones. The exact role of histone variants in gene transcription is unclear, but the emerging picture is that the presence of histone variants confers novel structural and functional properties on the nucleosome. IFN treatment triggered robust H3.3 incorporation into activated genes, which persisted even after cessation of transcription.[^17^](#bib17){ref-type="ref"} Interestingly, this deposition was dependent on the histone methyltransferase Wolf‐Hirschhorn syndrome candidate 1 that interacts with histone cell cycle regulator HIRA, the H3.3‐specific histone chaperone. Indeed, Wolf‐Hirschhorn syndrome candidate 1 also interacted with BRD4 and P‐TEFb, demonstrating that deposition of histone variants can facilitate transcriptional elongation.[^17^](#bib17){ref-type="ref"}

Noncoding RNAs {#imcb2014101-sec-0007}
--------------

A number of recent papers have described essential roles for lncRNAs in innate immune gene expression.[^8^](#bib8){ref-type="ref"}, [^31^](#bib31){ref-type="ref"} The Fitzgerald laboratory identified lncRNA‐Cox2 as a highly inducible lncRNA in both macrophages and dendritic cells following microbial stimulation. LncRNA‐Cox2 is essential for controlling basal levels of IFN stimulatory genes (ISGs) and is also required for proinflammatory cytokine production following microbial challenge. LncRNA‐Cox2 mediates its repressive functions on ISGs through interactions with hnRNP‐A/B and A2/B1. Knockdown of lncRNA‐Cox2 or hnRNP‐A/B or A2/B1 resulted in decreased levels of RNA Pol II recruitment to the promoter of *Ccl5* in macrophages.[^8^](#bib8){ref-type="ref"} LncRNAs have also been shown to be upregulated in the context of viral infection and downstream IFN production. Approximately 500 lncRNAs were differentially expressed following infection with severe acute respiratory syndrome coronavirus or influenza[^32^](#bib32){ref-type="ref"} and more than 200 lncRNAs were upregulated following treatment of human hepatocytes with type I IFN.[^33^](#bib33){ref-type="ref"} One lncRNA, lnRNA‐CMPK2, was a potent negative regulator of ISGs and its knockdown resulted in reduction of Hepatitis C virus replication.[^33^](#bib33){ref-type="ref"}

Kinetics of gene induction, the epigenetic landscape and chromatin binding proteins {#imcb2014101-sec-0008}
===================================================================================

The precise kinetics of innate immune cell gene transcription following pathogen assault is intimately regulated by histone modifications and chromatin‐remodeling complexes. ATP‐dependent chromatin‐remodeling complexes are responsible for sliding of the nucleosomes, as well as for insertion and ejection of histone octamers, processes that are, like histone modification, important for transcriptional repression and activation. The remodeling complexes can be divided into four families: SWI/SNF, CHD (chromodomain and helicase‐like domain), ISWI and INO80 (including SWR1, or SRCAP in mammals). Promoters of primary response genes (PRGs) such as *Tnf, Fos and Nfkbia* contain CpG islands which are refractory to DNA methylation, and histone tail modifications, both of which are commonly found at the promoters of actively transcribed genes (for example, H3K4me3 and H4Ac) as well as high levels of RNA Pol II association in naive macrophages, indicating that these chromatin specifications likely occur during lineage commitment.[^1^](#bib1){ref-type="ref"}, [^25^](#bib25){ref-type="ref"} Thus, macrophages are preprogramed to enable expression of a defined set of PRGs within minutes of cell activation.[^34^](#bib34){ref-type="ref"}, [^35^](#bib35){ref-type="ref"} These genes do not require SWI/SNF‐mediated chromatin remodeling or *de novo* protein synthesis for their activation, as they are transcriptionally primed and their chromatin state is permissive of rapid access by transcription factors. PRGs produce low levels of unspliced and unstable transcripts, and upon stimulation recruit the elongation factor P‐TEFb and switch to production of mature, processed mRNAs.[^1^](#bib1){ref-type="ref"} In contrast, late PRGS such as *Ifnb1* and secondary response genes such as *Il12b and Il6,* which are transcribed hours after cell stimulation, possess low‐density CpG promoters, display low H3K4me3, H4Ac and RNA Pol II occupancy in naive macrophages and require the SWI/SNF complex for chromatin remodeling for transcription to take place.[^34^](#bib34){ref-type="ref"}, [^35^](#bib35){ref-type="ref"}

Innate immune 'memory' driven by epigenetic and metabolic reprogramming {#imcb2014101-sec-0009}
=======================================================================

Traditionally, the innate immune system was considered to be perpetually naive, with immunological memory being the major feature of the adaptive immune system. However, the ability to remember and respond more vigorously to a second pathogen encounter has been described in organisms lacking T and B cells. Plants and invertebrates do not possess an adaptive immune system, which first appeared during evolution in jawless or early‐jawed vertebrates.[^36^](#bib36){ref-type="ref"} However, multiple studies have demonstrated that the immune system of plants and invertebrates can be primed by previous infections and mount stronger recall responses upon pathogen re‐challenge.[^37^](#bib37){ref-type="ref"}, [^38^](#bib38){ref-type="ref"} Now, examples of innate immune antigen‐ and non‐antigen‐specific 'memory' are rapidly emerging in mammals.[^4^](#bib4){ref-type="ref"}, [^5^](#bib5){ref-type="ref"}, [^6^](#bib6){ref-type="ref"}, [^7^](#bib7){ref-type="ref"}, [^39^](#bib39){ref-type="ref"} Innate monocytes and neutrophils from mice infected with attenuated *Listeria monocytogenes* were capable of 'bystander' killing of an unrelated pathogen (*Leishmania major*) upon secondary infection.[^40^](#bib40){ref-type="ref"}, [^41^](#bib41){ref-type="ref"} However, such priming was orchestrated primarily by IFNγ and other inflammatory mediators produced by memory T cells.[^40^](#bib40){ref-type="ref"}, [^42^](#bib42){ref-type="ref"} Certainly, other studies have now shown that memory T cells can trigger activation of innate immune cells following re‐infection.[^43^](#bib43){ref-type="ref"}, [^44^](#bib44){ref-type="ref"} Examples of innate immune boosting by means that are independent of adaptive immunity have also emerged. A combination of aerosolized TLR agonists could protect mice against bacterial pneumonia and influenza infection[^45^](#bib45){ref-type="ref"}, [^46^](#bib46){ref-type="ref"} and infection with *H. polygyrus* significantly inhibited type 1 diabetes in non‐obese diabetic mice through CD25‐ and interleukin (IL)‐10‐independent mechanisms.[^47^](#bib47){ref-type="ref"} The Netea laboratory demonstrated that monocytes recovered from healthy volunteers who were vaccinated with Bacillus Calmette‐Guérin, a widely used live attenuated vaccine against tuberculosis, produced significantly higher levels of inflammatory cytokines following exposure to non‐mycobacterial bacteria and fungi.[^7^](#bib7){ref-type="ref"} Importantly, this non‐antigen‐specific innate immune 'training' was maintained up to 3 months post the initial vaccination. Further, they showed that monocyte immune 'training' was completely independent of T and B cells, as severe combined immunodeficiency mice vaccinated 2 weeks prior with Bacillus Calmette‐Guérin survived significantly longer after a lethal inoculum of *Candida albicans.* [^7^](#bib7){ref-type="ref"} Moreover, *Rag1‐*deficient mice were protected from a secondary challenge of *C. albicans* or LPS following priming with *C. albicans*. These findings suggest that 'training' of innate immune cells in mammals could be cell intrinsic, or at the very least independent of the adaptive immune system.

One mechanism that appears to drive the 'training' of innate immune cells to respond differently to secondary stimulation is pathogen‐induced epigenetic reprogramming ([Figure 2](#fig2){ref-type="fig"}). Until recently, it was thought that cell lineage‐ and signal‐specific gene expression programs are fundamentally predetermined during cellular differentiation. However, recent evidence demonstrated that terminally differentiated cells such as monocytes and macrophages can acquire additional histone modifications upon pathogen exposure that affect gene expression upon subsequent stimulation. TLR4 activation by LPS induces histone modifications that lead to altered and repressed gene expression upon secondary LPS stimulation.[^3^](#bib3){ref-type="ref"}, [^48^](#bib48){ref-type="ref"} Many of these pathogen‐induced epigenetic changes in macrophages, particularly mono‐methylation of lysine(K)‐4 on Histone 3 (H3K4me1) at enhancers, persist despite washout of the stimulus and removal of the transcription factors responsible for the initial deposition. Moreover, H3K4me1 was associated with a faster and stronger induction of multiple genes upon nonspecific restimulation.[^4^](#bib4){ref-type="ref"}

*C. abicans*‐induced innate immune training was associated with changes in the activating H3K4me3 at certain gene promoters in peritoneal macrophages 7 days post initial infection. In addition, a methyltransferase inhibitor prevented this induced training.[^6^](#bib6){ref-type="ref"} A follow‐up study by the same group showed that β‐glucan, the cell wall component of *C. albicans,* could induce changes in H3K4me3 as well as H3K27ac in human monocytes 7 days after washout. Without a direct comparison to induced H3K4me3 or H3K27Ac after acute stimulation it remains difficult to interpret whether these are maintained epigenetic modifications or are just demonstrative of active transcription in these cells triggered by other mechanisms. Nonetheless, many genes with altered H3K4me3 or H3K27ac profiles 1 week after *C. albicans* exposure were involved in innate immune signaling, and a large proportion with enhanced H3K4me3 and H3K27Ac were associated with glycolysis,[^5^](#bib5){ref-type="ref"} raising an interesting potential of a metabolic switch in innate immune training. Multiple epigenetic modifications have a well‐established link to central metabolism, as histone‐modifying enzymes require metabolites as substrates or cofactors: demethylases and TET proteins are Fe(II) and α‐ketoglutarate dioxygenases; HDACs are (NAD)‐dependent enzymes; and S‐adenosyl methionine is required for function of DNA/histone methyltransferases. Therefore, these enzymes are likely sensitive to fluctuations in these metabolites.[^49^](#bib49){ref-type="ref"} Interplay between metabolism and epigenetics would allow the relative metabolic activity of the cell to feed back into transcriptional regulation in an effort to maintain homeostasis. In fact, it has been proposed that epigenetic processes may initially have been a means to transduce metabolic events into phenotypic results.[^50^](#bib50){ref-type="ref"} This is well documented in cancer cells that switch to anaerobic metabolism (the 'Warburg effect') and exhibit multiple epigenetic imbalances.[^49^](#bib49){ref-type="ref"} Interestingly, macrophages and other innate immune cells are frequently found in inflamed sites, which are characterized by low oxygen levels and therefore may also rely heavily on the relationship between metabolism and epigenetics for gene expression. Certainly, activation of TLRs, notably TLR4, leads to a switch from oxidative phosphorylation to glycolysis in immune cells.[^51^](#bib51){ref-type="ref"} Succinate, which is known to inhibit α‐ketoglutarate and Fe(II)‐dependent dioxygenases such as histone and DNA demethylases, as well as prolyl hydroxylases,[^50^](#bib50){ref-type="ref"} is elevated in inflammation and sustains IL‐1β production through hypoxia‐inducible factor (HIF)‐1α stabilization.[^52^](#bib52){ref-type="ref"} Also, differentiation of monocytes to macrophages results in a change in abundance of enzymes responsible for peroxisomal β‐oxidation pathway, glycine, serine and threonine metabolism and the tricarboxylic acid cycle.[^48^](#bib48){ref-type="ref"} β‐Glucan‐trained monocytes exhibited reduced oxygen consumption, enhanced glucose consumption, increased production of lactate and an increased NAD^+^/NADH ratio,[^5^](#bib5){ref-type="ref"} which may be responsible for the observed alterations in H3K4me3, H3K27Ac and H3K4me1 in these cells.[^5^](#bib5){ref-type="ref"}, [^48^](#bib48){ref-type="ref"}

It is unknown whether these pathogen‐induced 'epigenetic' changes are maintained for the life of the infected cell (or in daughter cells or hematopoietic stem cells, to be truly 'epigenetic') for an innate immune memory of pathogen infection *in vivo*. Cells of the innate immune system have been generally thought to be short lived. However, tissue macrophages have been shown to live for months if not years, particularly at sites of inflammation or tumors,[^53^](#bib53){ref-type="ref"} but whether they proliferate remains unclear. If demonstrated to be long lived, it is to be expected that trained immunity through epigenetic and metabolic mechanisms will have important consequences for the design of vaccination strategies. Moreover, an individual\'s history of infection may influence the function of their innate immune system, at least in the short term, through altered epigenetics.

Pathogen subversion of the host innate immune response {#imcb2014101-sec-0010}
======================================================

Coevolution of the host and pathogen, driven by conflicting interests, is akin to an evolutionary arms race. It is in the host\'s interest to detect and stop the progression of an infection early by mounting a timely inflammatory response; conversely, it is important for the pathogen to subvert the innate immune system---that is, the first defense response of the host in order to establish an infection. The pathogen must also prevent an excessive inflammatory reaction not only to avoid elimination but also to ensure its own survival by keeping the host alive. To this end, pathogens have evolved strategies to disrupt host immune signaling cascades that culminate in drastic transcriptional upregulation of several proinflammatory and other immune response genes. Inhibition of NF‐κB, MAPK and JAK/STAT signaling and modulation of protein ubiquitylation are well‐documented strategies of host immune evasion.

As we saw earlier, the proinflammatory transcriptional response is formulated by underlying complex and multistep processes of histone modification and chromatin remodeling. The elaborate nature of such epigenetic control provides the pathogen with substantial opportunity to manipulate host gene expression to its own advantage. An example of bacteria epigenetically manipulating the host innate immune response for nonpathogenic survival can be seen in the mammalian gut. Commensal bacteria are essential for the induction/maintenance of DNA methylation at the TLR4 gene in large intestinal epithelial cells, resulting in reduced TLR4 expression and thus avoiding an excessive inflammatory reaction.[^54^](#bib54){ref-type="ref"}, [^55^](#bib55){ref-type="ref"} Pathogens, which face a different selection pressure to commensals, have evolved proteins that interfere, interact with or mimic components of the host\'s epigenetic machinery, often resulting in subversion of the host innate immune response. Broadly, this is achieved by changing the chromatin architecture in three ways: host histone modification using the host\'s own epigenetic writer enzymes, interfering directly with enzymes of the host\'s chromatin‐remodeling machinery, or by manufacturing proteins that specifically recognize host histone targets. We will review these strategies with the help of relevant examples below ([Figure 3](#fig3){ref-type="fig"},[Table 2](#tbl2){ref-type="table"}).

Pathogens that induce histone covalent modifications in the host {#imcb2014101-sec-0011}
----------------------------------------------------------------

*L. monocytogenes* infection causes a drastic and global dephosphorylation of H3 and deacetylation of H4, accompanied by repression of a subset of proinflammatory and immunity genes.[^56^](#bib56){ref-type="ref"}, [^57^](#bib57){ref-type="ref"} *L. monocytogenes* also causes histone deacetylase‐SIRT2‐dependent histone deacetylation at promoters of ISGs, and in fact is heavily reliant on host SIRT2 for infection, as SIRT2‐null mutants are resistant to *L. monocytogenes* infection.[^58^](#bib58){ref-type="ref"} The human intestinal pathogen *S. flexnei* phosphatase, OspF dephosphorylates host MAPKs, thereby preventing MAPK‐dependent phosphorylation of histone H3S10 at select gene promoters, lending them inaccessible to NF‐κB mediated upregulation.[^59^](#bib59){ref-type="ref"} By an unknown mechanism, infection with *T. gondii* also causes loss of phosphorylation and acetylation at H3 at the *Tnf* promoter, resulting in impaired recruitment of transcription factors and Pol II binding, and subsequent inability of the cell to upregulate *Tnf* upon LPS stimulation or secondary infection.[^60^](#bib60){ref-type="ref"}, [^61^](#bib61){ref-type="ref"}, [^62^](#bib62){ref-type="ref"}

Pathogens that interfere with the host\'s chromatin‐remodeling machinery {#imcb2014101-sec-0012}
------------------------------------------------------------------------

*M. tuberculosis* counters the host IFN‐γ‐induced inflammatory response by repressing IFN stimulatory MHC class II (HLA‐DR) and its transactivator protein CIITA. TLR2‐mediated downstream MAPK signaling leads to binding of a transcriptional repressor C/EBP to the CIITA promoter region, keeping out the chromatin remodeler complex SWI/SNF. The CIITA‐regulated HLA‐DR is also repressed, with promoter enrichment of HDAC containing chromatin complexes.[^62^](#bib62){ref-type="ref"}, [^63^](#bib63){ref-type="ref"} Interestingly, *L. Monocytogenes* secretory protein LntA directly interacts with the chromatin repressor BAHD1, probably dislodging BAHD1 from ISG promoters and subsequently upregulating some ISG.[^64^](#bib64){ref-type="ref"}, [^65^](#bib65){ref-type="ref"} This seemingly counterintuitive strategy is proposed to be a mechanism used by the pathogen to fine‐tune host IFN I and II response to infection, given that, although required for bacterial virulence, constitutive LntA expression leads to faster bacterial clearance, and BAHD1 deletion heterozygous mice are more resistant to infection compared with wild‐type siblings.[^65^](#bib65){ref-type="ref"}

Pathogen enzymes that use host histone proteins as substrates {#imcb2014101-sec-0013}
-------------------------------------------------------------

Several bacterial pathogens, despite lacking histones or higher‐order chromatin structures, produce histone‐modifying proteins. For instance, the SET‐domain‐containing protein RomA, required for pathogenesis of *Legionella pneumonia,* localizes to several gene promoters including innate immune gene promoters and catalyzes a previously unreported H3K14 methylation genome‐wide, leading to global gene repression.[^66^](#bib66){ref-type="ref"} BaSET, of *Bacillus anthracis,* is required for virulence and methylates Lysine residues on H1, leading to repression of various NF‐κB target gene promoters.[^62^](#bib62){ref-type="ref"}, [^67^](#bib67){ref-type="ref"} The ankyrin‐repeat‐containing proteins are yet another class of eukaryotic protein mimics found in intracellular pathogens of the *Anaplasma, Ehrlichia, Ricketssia, Orientia, Coxiella* and *Legionella* species. *A. phagocytophilum,* a tick‐transmitted pathogen causing human granulocytic analpasmosis, propagates within the primary antimicrobial defense cells, neutrophils. *A. phagocytophilum* infection leads to a decrease in H3 acetylation at a subset of defense gene promoters and to an overall increase in expression of HDAC1 and HDAC2. Consistent with this, treatment with HDAC1 inhibitors severely restricts the bacterium\'s ability to survive in the host, suggesting that the pathogen may survive the harsh environment of the neutrophil by HDAC1‐mediated deacetylation and suppression of host defense genes.[^68^](#bib68){ref-type="ref"} It has been suggested that an ankyrin‐repeat‐containing bacterial secretory protein that binds AT‐rich chromatin regions is responsible for HDAC recruitment to relevant gene promoters in the host[^68^](#bib68){ref-type="ref"}, [^69^](#bib69){ref-type="ref"}

Pathogen‐derived proteins that 'mimic' host histone tails {#imcb2014101-sec-0014}
---------------------------------------------------------

Pathogens employ various types of molecular mimicry to evade the host immune response. In recent years, evidence of pathogens using molecular mimicry of host histone proteins to modify transcriptional response to infection has emerged. The carboxy terminal of the Influenza A strain H3N2 protein NS1 (nonstructural protein) shares resemblance with Histone H3 tails. These NS1‐histone‐like tails associate with the polymerase‐associated factor 1 transcriptional elongation complex as well as with the CHD1 chromatin‐remodeling complexes of the host. Like histone H3 tails, the NS1 tails bind to the polymerase‐associated factor 1 complex unmodified or after lysine methylation, but not upon lysine acetylation. Such binding inhibits elongation of virally induced genes, presumably by occluding polymerase‐associated factor 1 and RNA Pol II from gene bodies.[^70^](#bib70){ref-type="ref"}

How, or if indeed, these mechanisms specifically achieve silencing of immune and proinflammatory gene sets in the host is not well understood. In many examples cited here, expression of a wide array of genes apart from immune‐related genes is affected.[^56^](#bib56){ref-type="ref"}, [^57^](#bib57){ref-type="ref"}, [^59^](#bib59){ref-type="ref"} Presumably, such broad‐ranging effects of epigenetic interference by the pathogen may not face elimination so far as not fatal to the host.

Potential of targeting chromatin‐modifying enzymes as anti‐inflammatory therapeutics {#imcb2014101-sec-0015}
====================================================================================

Increasingly it is being recognized that disrupted epigenetic processes have an instrumental role in pathogenesis of several major diseases. Although the role of epigenetic modifications in cancer etiology and progression is well established, direct evidence of a dysregulated epigenetic landscape in chronic, immune‐based diseases is rapidly emerging.[^71^](#bib71){ref-type="ref"}, [^72^](#bib72){ref-type="ref"} Studies in monozygotic twins minimize the confounding effects of genetic heterogeneity in disease etiology and have implicated epigenetic discordance between disease‐affected and ‐nonaffected twins in inflammatory in diseases like type 1 diabetes,[^73^](#bib73){ref-type="ref"} Systemic Lupus Erythematosus (SLE)[^74^](#bib74){ref-type="ref"} and asthma.[^75^](#bib75){ref-type="ref"} Genome‐wide association studies have identified single‐nucleotide polymorphisms in chromatin‐interacting proteins as significant susceptibility loci for inflammatory diseases: variants in histone reader proteins are associated with incidence of Crohn\'s disease and multiple sclerosis,[^76^](#bib76){ref-type="ref"}, [^77^](#bib77){ref-type="ref"} variants within the DNA methylation writer DNMT3A with Crohn\'s disease[^76^](#bib76){ref-type="ref"} and the histone demethylase JARID1A (KDM5A) with ankylosing spondylitis.[^78^](#bib78){ref-type="ref"}

Our fast evolving understanding of the role of chromatin‐modifying enzymes in dictating the precise gene transcription program in homeostatic as well as detrimental innate immunity and inflammation raises the exciting possibility of targeting chromatin‐modifying enzymes to combat human immune‐based diseases ([Table 3](#tbl3){ref-type="table"}). Targeting of epigenetic enzymes makes it possible to regulate subsets of genes with similar function and kinetics, giving an advantage over targeting of single inflammatory cytokines.

Inhibitors of histone demethylases as anti‐inflammatory agents {#imcb2014101-sec-0016}
--------------------------------------------------------------

As outlined above, H3K27me3 suppresses the expression of multiple proinflammatory genes in macrophages. These studies suggest that modulating the 'eraser' of these suppressive modifications, JMJD3 demethylase, by small molecules may be one way to curtail inflammation. However, this possibility is complicated by the fact that regulation of proinflammatory genes by JMJD3 may be independent of its demethylase activity.[^20^](#bib20){ref-type="ref"} Also, the degree of sequence similarity among the JMJC domains of histone demethylases made it unclear whether small molecule inhibitors could exhibit adequate substrate specificity. GlaxoSmithKline answered this challenge by identifying a highly selective inhibitor (GSK‐J1 and a cell‐permeable GSK‐J4) of a lysine‐specific demethylase UTX and JMJD3 that acted as an α‐ketoglutarate mimic.[^79^](#bib79){ref-type="ref"} GSK‐J4 prevented demethylation of the repressive H3K27me3, and reduced RNA Pol II recruitment, which prevented transcription of *TNF* and other inflammatory cytokines in LPS‐treated human monocytes.[^79^](#bib79){ref-type="ref"} Interestingly, a single knockdown of either UTX or JMJD3 did not reduce *TNF*, suggesting that these demethylases act together in the control of cytokine transcription.

HDAC inhibitors as anti‐inflammatory agents {#imcb2014101-sec-0017}
-------------------------------------------

Until recently it remained unclear whether histone acetylation was an active regulator of transcription or just a passive by‐product. Some recent and elegant single‐cell analyses revealed that histone H3 lysine‐27 acetylation at a gene locus alters downstream transcription kinetics by as much as 50%, affecting two temporally separate events. First, acetylation enhances the search kinetics of transcriptional activators, and later the acetylation accelerates the transition of Pol II from initiation to elongation.[^80^](#bib80){ref-type="ref"} In mammals, HDACs are divided into three classes on the basis of their cellular localization and tissue distribution. Class I HDACs are ubiquitously expressed and are predominately nuclear. Class II HDACs are both nuclear and cytoplasmic and only expressed in certain tissues. Class III HDACs, also called sirtuins (SIRT1--7), are NAD+‐dependent enzymes.

Although successfully used for the treatment of cancer, research now suggests that targeting certain HDAC ('erasers') could be utilized for treatment of inflammatory diseases such as asthma, rheumatoid arthritis, IBDs and some virus infections. Indeed, various Class I as well as Class II HDAC targeting inhibitors like trichostatin A, Vorinostat (suberanilohydroxamic acid), phenylbutyrate and givinostat have shown anti‐inflammatory effects both *in vitro* and *in vivo* (reviewed in [Table 3](#tbl3){ref-type="table"}).[^81^](#bib81){ref-type="ref"}, [^82^](#bib82){ref-type="ref"}, [^83^](#bib83){ref-type="ref"}, [^84^](#bib84){ref-type="ref"} Recently it was shown that butyrate exposure of mouse colonic lamina propria macrophages leads to an increase in expression of proinflammatory mediators NO, IL‐6 and IL‐12 but not of TNF, and to an increase in H3K9Ac levels at the promoter regions of these genes in mouse bone‐marrow‐derived macrophages.[^85^](#bib85){ref-type="ref"} In contrast to the above‐described pan‐inhibitors of HDACs, specific class and isoform HDAC inhibitors have been identified for HDAC1 and HDAC3, and show anti‐inflammatory effects in animal models of inflammatory diseases and in peripheral blood mononuclear cells (PBMCs)[^81^](#bib81){ref-type="ref"} from rheumatoid arthritis (RA) patients, respectively ([Table 3](#tbl3){ref-type="table"}). Despite the reasonable success of HDACs as anti‐inflammatory agents, their exact mode of epigenetic regulation as anti‐inflammatory agents *in vivo* is unclear, the elucidation of which is further confounded by the fact that most HDACs act on both histone or nonhistone substrates and that HDAC inhibition leads to both gene expression and suppression in a cell‐context‐dependent manner (reviewed in Adcock[^86^](#bib86){ref-type="ref"}).

BET inhibitors as anti‐inflammatory agents {#imcb2014101-sec-0018}
------------------------------------------

Through their function as epigenetic 'readers' and their central role in the recruitment of transcriptional machinery, the BET family of bromodomain‐containing proteins is critical for the expression of multiple genes, including those involved in tumor cell growth and inflammation, making them very attractive therapeutic targets. Moreover, targeting epigenetic 'readers' seemed an appealing way to specifically interrupt the interpretation of epigenetic modifications without altering the overall epigenetic landscape of the cell, which could conceivably occur by targeting 'writers' or 'erasers'. Bromodomain modules share a conserved fold that comprises a left‐handed bundle of four α‐helices that surround a central acetylated lysine‐binding site. I‐BET762 (also known as GSK525762A) and GSK525768A (which is the (*R*)‐enantiomer of I‐BET762) were identified initially through a screen for upregulation of APOA1. Upon subsequent chemoproteomics involving immobilization of the compounds on a matrix, followed by affinity purification of interacting proteins from cell extracts and liquid chromatography‐tandem mass spectrometry, the interacting proteins were identified as BRD2, 3 and 4. I‐BET762 acts as a histone mimic and competitively inhibits the binding of BET proteins to acetylated histone peptides, and has a low affinity toward other bromodomain family members, making it a specific inhibitor of the BET subfamily.[^25^](#bib25){ref-type="ref"} Treatment of mouse bone‐marrow‐derived macrophages with I‐BET762 selectively inhibited activation of a subset of LPS‐inducible cytokines, chemokines and several transcription factors required for an inflammatory response.[^25^](#bib25){ref-type="ref"} LPS‐inducible and I‐BET susceptible genes showed significantly reduced enrichment of the BET proteins BRD2, 3 and 4, as well as P‐TEFb and Pol II, demonstrating that I‐BET762 successfully prevented assembly of chromatin‐activating and elongation‐promoting complexes at these promoters. The vast majority of genes that were suppressed by I‐BET were late PRGs and secondary response genes with low CpG, low H4Ac, low H3K4me3 and low Pol II at their promoters in naive macrophages. PRGs or housekeeping genes with high CpG, high H3K4me3 and high H4Ac could not be inhibited with I‐BET treatment, possibly because of the inability of I‐BET, acting as a histone mimic, to outcompete the preexisting levels of acetylation at those loci. Importantly, I‐BET administration (30 mg kg^−1^, intravenous) also prevented LPS‐induced endotoxic shock and bacteria‐induced sepsis in mice,[^25^](#bib25){ref-type="ref"} highlighting its potential as an anti‐inflammatory agent. A second class of BET family bromodomain inhibitor, I‐BET151, with improved pharmacokinetics,[^30^](#bib30){ref-type="ref"} was also shown to reduce levels of circulating IL‐6 and protected mice from LPS‐induced death.[^87^](#bib87){ref-type="ref"} Independent studies using an alternative pan‐BET inhibitor, JQ1, also observed suppression of proinflammatory cytokine induction and rescued mice from LPS‐induced death.[^88^](#bib88){ref-type="ref"} Finally, in murine macrophages, MS436, a compound that preferentially targets the first bromodomain of BRD4, blocked the transcriptional activity of BRD4 in the NF‐κB‐directed production of nitric oxide and IL‐6.[^89^](#bib89){ref-type="ref"}

BET family members have also been implicated in the replication of the viral genome and in the transcriptional regulation of multiple viral proteins. For example, BRD4 competes with the HIV transactivator protein Tat for P‐TEFb binding,[^90^](#bib90){ref-type="ref"} which results in repression of Tat‐mediated transactivation of the HIV promoter. Further, BRD2 modulates HIV transcription by associating with the E2F1 transcription factor, which binds together with NF‐κB to the HIV enhancer to repress HIV transcription.[^91^](#bib91){ref-type="ref"} This suggested that BET inhibitors could reverse HIV latency.[^92^](#bib92){ref-type="ref"} Awakening of latent HIV means that the virus can be completely eradicated using antiviral agents, which suggests that BET bromodomains could be potential new targets for HIV induction strategies.[^93^](#bib93){ref-type="ref"}

Although these pan‐BET inhibitor studies show great preclinical promise and also aid in investigating the biology of bromodomain‐containing proteins, specific BET isoform inhibitors that solely target BRD4, 3, 2 or BRDT may eventually be required for specific indications with limited side effects.

Concluding remarks {#imcb2014101-sec-0019}
==================

The field of epigenetics within immunology is rapidly emerging. This is illustrated by recent discoveries of new classes of chromatin‐modifying enzymes, greater insight into the function of some of these chromatin‐associated proteins in immune cells, findings of somatic mutations in genes coding for epigenetic machinery in immune‐based disorders and the development of highly potent and specific small molecule inhibitors to epigenetic enzymes that demonstrate potency in immune cells. Along with this, our idea of innate immunity is swiftly changing with the developing concept that the innate immune system may bear some 'memory' of previous pathogen encounters. These new data, along with strong interest and hasty progress from drug companies and academic consortiums (<http://www.thesgc.org/epigenetics>) to target epigenetic factors, could be effectively utilized for improved treatment of diseases associated with innate immunity. Pathogens that have been difficult to target through conventional vaccination strategies could benefit from 'training' of the innate immune system via epigenetic manipulation. Further, we believe that adjusting whole subsets of inflammatory genes rather than individual inflammatory mediators through druggable epigenetic enzymes would better serve the multitude of inflammatory disorders that currently lack effective therapies. Future understanding of the plethora of epigenetic modifiers, newly developed chemical probes, as well as the ongoing documentation of epigenetic landscapes in innate immune cells through such initiatives as the BLUEPRINT consortium (<http://www.blueprint-epigenome.eu>) and NIH Roadmap Epigenomics Mapping Consortium (<http://www.roadmapepigenomics.org>) will help achieve this goal.
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![Writers, readers and erasers of histone covalent modifications. Schematic representation of DNA (black ribbon) wound around histone octamers. Each octamer is made up of two copies each of four histone proteins around which \~147 bp of DNA is wound. N‐terminal 'tails' of the histone proteins protrude from the core of the octamer and are the sites of reversible covalent modifications such as acetylation, methylation, phosphorylation and ubiquitination (all represented by a generic pink star). The gain of covalent modifications is catalyzed by histone‐modifying enzymes---that is, 'writers'. 'Readers' recognize specific modifications and in doing so assist assembly of chromatin‐remodeling complexes at the sites of recognition, and 'erasers' catalyze removal of covalent modifications. A full color version of this figure is available at the *Immunology and Cell Biology* journal online.](IMCB-93-233-g001){#fig1}

![Epigenetic reprogramming in training of innate immune cells. Upon pathogen X recognition by a receptor, naive monocytes undergo epigenetic reprogramming and a metabolic shift, and become primed to respond more robustly to nonspecific (Pathogens X, Y and Z) secondary stimulation. A full color version of this figure is available at the *I* *mmunology and Cell Biology* journal online.](IMCB-93-233-g002){#fig2}

![Schematic representation of various strategies employed by pathogens to modulate the host innate immune gene expression response to their advantage. Top: a histone octamer around which DNA (black ribbon) is wrapped. 'Tails' of histone proteins are the sites of reversible covalent modifications like methylation (shown as Me), phosphorylation (P) and acetylation (Ac) catalyzed by histone‐modifying enzymes, that is, writers (textured hexagon). Bottom: DNA wound around four histone octamers. Transcription factor binding is shown as a pink rectangle; and chromatin‐remodeling complexes are represented by a group of green, blue, purple and pink shapes. A full color version of this figure is available at the *Immunology and Cell Biology* journal online.](IMCB-93-233-g003){#fig3}

###### 

Writers, readers and erasers of the major histone covalent modifications in mammals

  *Epigenetic modification*                                                                                                                                                    *Writers*                                                                                                                                                                                     *Readers*                                                                                                                                                    *Erasers*
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------
  **DNA methylation**                                                                                                                                                          DNA methyltransferases (for example, DNMT1, DNMT3a, DNMT3b, DNMT3L)                                                                                                                           Methyl‐CpG binding domains (for example, MBT 1‐6, MECP2); Kaiso and Kaiso‐like proteins with C2H2 type zinc finger (for example, ZBTB33, ZBTB4 and ZBTB38)   Passive DNA demethylase TET1--3; active DNA demethylases not known
  **Histone lysine (K) methylation** Sites of mono/di/tri methylation: H3: K4, 9, 20, 27, 36, 79 H4: K20, 59                                                                   Protein lysine methyltransferases (PKMTs) SET domain containing proteins (for example, PRDM2, SETD1A, SETD1B, MLL, KMT5B, DOT1L) non‐SET domain containing DOT1 (H3K79me methyltransferase)   Chromodomains; tudor domains; PHD fingers; MBT domains; ZF‐CW proteins; PWWP containing proteins; BAH domains; WD‐40; ankyrin repeat proteins                Histone demethylases: lysine‐specific demethylases (LSD1‐2); jumonji domain containing (for example, JMJD1‐8, JARID1‐2)
  **Histone arginine (R) methylation** Sites of methylation: H3: R2, 17, 26 H4: R3                                                                                             Protein arginine methyltransferases (for example, PRMT2, 5, 6, 7)                                                                                                                             Tudor domains; ADD; PHD fingers                                                                                                                              Histone demethylases (eg: JMJD6)
  **Histone acetylation** Sites of acetylation: H3: K4, 5, 9, 12, 14, 18, 23, 56 H4: K5, 8, 12, 14, 16 H2A: K5 H2B: K5, 12, 15, 20                                             Histone acetyltransferases: Gcn5‐related N‐acetyltransferases (for example, PCAF, GCN5); MYST (for example, Tip60, MSL); P300/CBP; nuclear receptor co‐activators (SRC‐1)                     Tandem PHD domains; tandem bromodomains; bromodomains; tandem PHD fingers                                                                                    Histone deacetylases (HDAC class I and II); NAD^+^‐dependent sirtuins
  **Histone phosphorylation** Sites of phosphorylation: H3: T (threonine) 3, 6, 11, 45; S10, 28; Y (tyrosine) 41 H4: S1, S47 H1 H2A: S1, 16, 139; T120 H2B: S14, 32, 36; Y37   Ser/Thr kinases (for example, Janus kinases, PKCα/β, Haspin, Aurora B kinase)                                                                                                                 Chromoshadow domain (for example, of HP1α); 14‐3‐3 proteins; BRCT proteins; BIR domains                                                                      Protein phosphatases (for example, protein serine/threonine phosphatases, tyrosine‐specific phosphatases; protein phosphatase 1D)
  **Histone ubiquitination** Sites of ubiquitination: H2A: K119 H2B: K120                                                                                                      Ubiquitin E2 conjugases, Ubiquitin E3 ligases                                                                                                                                                 Unknown                                                                                                                                                      Ubiquitin‐specific proteases; Ubiquitin carboxy‐terminal hydrolases (UCHs)

###### 

Various strategies employed by pathogens for modulation of the host epigenome to thwart inflammatory responses

  *Pathogen*                            *Effector molecule*                            *Host molecule interacted with/involved*                                               *Mode of action*                                                                                                                                                                                                                                *Epigenetic modification induced*                                                                                                                                                            *Studied in:*
  ------------------------------------- ---------------------------------------------- -------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------
  *Listeria monocytogenes*              LntA (listeria nuclear targeted protein A)     BAHD1 (chromatin repressor)                                                            LntA interacts with chromatin repressor BAHD1 in host nucleus[^64^](#bib64){ref-type="ref"}, [^65^](#bib65){ref-type="ref"}                                                                                                                     ↑H3Ac at ISGs                                                                                                                                                                                Mouse fibroblasts, *in vivo* studies
                                        Listeriolysin O (LLO), pore‐forming toxin      Host cell membrane                                                                     unknown                                                                                                                                                                                                                                         Global H3deP and H4deAc[^56^](#bib56){ref-type="ref"}, [^57^](#bib57){ref-type="ref"}                                                                                                        HeLa cells
                                        Bacterial protein lnlB dependent               SIRT2 (HDAC)                                                                           Met‐dependent enrichment of SIRT2 to gene promoters, including ISGs[^58^](#bib58){ref-type="ref"}                                                                                                                                               H3K18 deacetylation                                                                                                                                                                          HeLa cells, *in vivo* mouse studies
  *Shigella flexneri*                   OspF (dually specific phosphatase)             MAPKs                                                                                  OspF dephosphorylates MAPK, thus preventing promoter H3S10P[^59^](#bib59){ref-type="ref"}                                                                                                                                                       ↓ H3S10P at NF‐κB responsive genes (for example IL*8, CCL20)*                                                                                                                                HeLa cells, *in vivo* rabbit studies
  *Mycobacterium tuberculosis/ avium*   LpqH (19‐kDa lipoprotein)                      TLR2                                                                                   LpqH activates MAPK pathway via TLR2 → TF C/EBP induction, recruitment and possible exclusion of SWI/SNF chromatin remodelers at gene promoters[^62^](#bib62){ref-type="ref"}, [^63^](#bib63){ref-type="ref"}, [^94^](#bib94){ref-type="ref"}   ↓ Histone acetylation at promoters of CIITA, HLA‐DR                                                                                                                                          Human THP‐1 monocytic cells, mouse macrophage‐like RAW264.7 cells and *in vivo* mouse studies
  *Clymedia trachomatis*                NUE (nuclear effector)                         Chromatin                                                                              NUE localization to chromatin[^95^](#bib95){ref-type="ref"}                                                                                                                                                                                     *In vitro* methylation of H2B, H3, H4                                                                                                                                                        HeLa cells, 3T3 cell line
  *Anaplasma phagocytophilum*           AnkA (ankyrin‐repeat‐containing A)             HDAC1                                                                                  AnkA binding to DNA at AT rich regions[^69^](#bib69){ref-type="ref"}                                                                                                                                                                            ↑ HDAC1 expression and binding to host defense gene promoters and[^69^](#bib69){ref-type="ref"}, [^96^](#bib96){ref-type="ref"} ↓ H3Ac at host defense genes[^69^](#bib69){ref-type="ref"}   Acute monocytic leukemia THP‐1 cell line
  *Bacillus anthracis*                  BaSET (SET domain containing)                  H1 lysine                                                                              Localization to and methylation of histone H1                                                                                                                                                                                                   H1K trimethylation[^67^](#bib67){ref-type="ref"}                                                                                                                                             HeLa cells, human embryonic kidney (HEK293T), mouse macrophage RAW264.7 cell lines
  *Toxoplasma gondii*                   Unknown                                        BRG‐1 (brahma‐related gene‐1, a catalytic subunit of chromatin‐remodeling complexes)   Unknown (phenotype rescued by treatment with HDAC inhibitors)                                                                                                                                                                                   ↓ H3Ac and H4Ac[^97^](#bib97){ref-type="ref"} at CIITA promoter region                                                                                                                       Mouse bone‐marrow‐derived macrophages
                                                                                                                                                                              unknown                                                                                                                                                                                                                                         Global ↓ H3S10 phorphorylation and prevention of H3K9 and H3K14 acetylation at the IL‐10 promoter [^60^](#bib60){ref-type="ref"}, [^61^](#bib61){ref-type="ref"}                             Mouse bone‐marrow‐derived macrophages
  *Streptococcus pyogenes*              Ser/Thr phosphatase Sp‐STP                     Host chromatin[^98^](#bib98){ref-type="ref"}                                           Unknown                                                                                                                                                                                                                                         Unknown                                                                                                                                                                                      Human carcinoma cell lines
  *Ligionella pneumophila*              RomA methyltransferase                         H3                                                                                     RomA catalyzes H3K14 methylation, preventing H3K14 acetylation[^66^](#bib66){ref-type="ref"}                                                                                                                                                    Infection causes a switch from acetylated to methylated H3K14                                                                                                                                Human monocyte (THP‐1), human alveolar epithelial (A549) cell lines
  Influenza A strain H3N2               NS1 carboxy‐terminal (nonstructural protein)   PAFI transcriptional elongation complex CHD1 chromatin‐remodeling complex              Interaction with PAFI [^70^](#bib70){ref-type="ref"}                                                                                                                                                                                            Reduction of PAF1 and RNA Pol II enrichment at gene bodies                                                                                                                                   A549 cell lines

###### 

Inhibitors of epigenetic eraser enzymes and reader domains with applications in treating inflammatory diseases

  *Target protein type*             *Target molecules*                              *Inhibitory molecule*                                                                          *Subjects/models*                                                                                                                                                                            *Effects*
  --------------------------------- ----------------------------------------------- ---------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------
  **Histone acetylation erasers**   HDACs                                           Phenylbutyrate                                                                                 Human subjects                                                                                                                                                                               Anti‐inflammatory in Crohn\'s disease [^81^](#bib81){ref-type="ref"}and Ulcerative Colitis[^82^](#bib82){ref-type="ref"}
                                                                                    SAHA and Valproic Acid                                                                         Sulfate sodium‐ and trinitrobenzene sulfonic acid‐induced colitis mouse models                                                                                                               Reduction in colonic pre‐inflammatory cytokine production and decreased severity of Colitis[^99^](#bib99){ref-type="ref"}
                                                                                    Givinostat (ITF‐2357)                                                                          Human subjects                                                                                                                                                                               Anti‐inflammatory in juvenile idiopathic arthritis[^83^](#bib83){ref-type="ref"}
                                                                                    SAHA                                                                                           Rodent model of arthritis                                                                                                                                                                    Anti‐inflammatory in rheumatoid arthritis[^100^](#bib100){ref-type="ref"}
                                                                                    Phenylbutryate and TSA                                                                         Adjuvant‐induced rat arthritis model[^101^](#bib101){ref-type="ref"}                                                                                                                         Reduction in TNFα production in RA affected tissues and in arthritic scores
                                                                                    MPT0G009 (3‐\[1‐(4‐methoxybenzenesulfonyl)‐2,3‐dihydro‐1 H‐indol‐5‐yl\]‐N‐hydroxyacrylamide)   Human RA fibroblast‐like synoviocytes adjuvant‐induced arthritic mouse model[^102^](#bib102){ref-type="ref"}                                                                                 Inhibits cytokine release and causes a global increase in H3 acetylation in human Anti‐arthritic
                                                                                    ITF‐2357                                                                                       LEW1.WR1 rat which develops inflammation and type 1 Diabetes post infection with Kilham rat virus[^103^](#bib103){ref-type="ref"}                                                            Reduction of virus‐induced inflammation and prevention of type 1 diabetes
                                    HDAC1                                           MS‐275                                                                                         Rat model of autoimmune prostatitis[^104^](#bib104){ref-type="ref"} mouse model of periodontitis[^105^](#bib105){ref-type="ref"} mouse models of arthritis[^100^](#bib100){ref-type="ref"}   Anti‐inflammatory effects
                                    HDAC3                                           MI192                                                                                          Human PBMCs from RA patients[^106^](#bib106){ref-type="ref"}                                                                                                                                 Reduction in TNFα production and dose dependent suppression of IL‐6
                                    HDACs                                           ITF‐2357 suppresses                                                                            LEW1.WR1 rat which develops inflammation and Type 1 Diabetes post infection with Kilham rat virus[^103^](#bib103){ref-type="ref"}                                                            Reduction of virus‐induced inflammation and prevention of type 1 diabetes.
  **Histone methylation erasers**   JMJD3 and UTX (H3K27me3‐specific demethylase)   GSK‐J1 and J4                                                                                  Primary human macrophages[^107^](#bib107){ref-type="ref"}                                                                                                                                    Reduction in LPS‐induced proinflammatory cytokine production
  **Histone acetylation readers**   BET                                             I‐BET762                                                                                       Mouse BMDM[^25^](#bib25){ref-type="ref"} Mouse model of Bacteria induced sepsis                                                                                                              Downregulation of proinflammatory genes upon LPS stimulation; Protection from endotoxic shock and sepsis
                                                                                    I‐BET151                                                                                       Mouse model of Bacteria induced sepsis[^87^](#bib87){ref-type="ref"}                                                                                                                         Reduction in IL6; protection from sepsis
                                                                                    JQ1                                                                                            *In vivo* mouse[^88^](#bib88){ref-type="ref"}                                                                                                                                                Anti‐inflammatory; protection from LPS‐induced death
                                                                                    MS417                                                                                          Mouse model of HIV‐associated nephropathy,[^108^](#bib108){ref-type="ref"} rat model of autoimmune Neuritis[^109^](#bib109){ref-type="ref"} and prostitis[^104^](#bib104){ref-type="ref"}    Anti‐inflammatory

Abbreviations: BET, bromodomain and extra‐terminal subfamily; HDAC, histone deacetylase; SAHA, suberanilohydroxamic acid; TSA, trichostatin A.
